The Mesozoic granodioritic Fenghuangshan pluton is one of a number of intermediate to felsic calc-alkaline plutons responsible for polymetallic mineralization in the middle and lower part of the Yangtze River tectono-magmatic-metallogenic belt. It was intruded into the core of the Fenghuangshan synclinorium of Silurian to Middle Triassic sedimentary strata. In this study of the pluton, we have measured its anisotropy of magnetic susceptibility (AMS) as well as the dimensions and orientations of numerous mafic enclaves. Samples were collected from 37 AMS stations evenly distributed throughout the Fenghuangshan pluton. Twenty-two sites for enclave analysis were selected, and 10-40 enclaves at each site were measured for their orientations and axial ratios. Pluton foliation defined by minerals, enclave geometry, and AMS determinations all define an asymmetric foliation pattern for the pluton. Foliations dip inward along its eastern margin, but dip outward on its western side, suggesting an asymmetric mushroom-like shape of the pluton. The pluton's internal fabrics indicate that it experienced diapiric ascent from an injection center in the western part of the body. The P', T, and axial ratios of oblate enclaves are higher along the pluton's eastern margin, suggesting that magma flow was to the ENE during the final ballooning stage of emplacement. Crystallization ages of the Fenghuangshan and other Mesozoic plutons in the region range from ~142.8 Ma tõ 151.8 Ma. Our interpretation that the plutons were emplaced during D 2 regional deformation helps to constrain the ages of earlier Tethyan-related D 1 and late Western Pacific-related D 3 tectonism.
Introduction
THE EMPLACEMENT of granitoid plutons and their dynamic setting has received increased attention over the last two decades (Bateman, 1985; Paterson and Tobisch, 1990; Hutton, 1992; Acocella and Rossetti, 2002) . In recent years, studies have focused on the different tectonic regimes-compressional, extensional, transpressional, and transtensional-within which the generation, ascent, and final emplacement of magma occurs (Paterson and Tobisch, 1990; Hogan et al., 1998; Acocella and Rossetti, 2002; Duguet and Faure, 2004) . Pertinent to this study, many previous investigations indicate that transpressive regimes are a particularly important tectonic setting for granitoid plutonism (e.g., Hutton, 1988; Lagarde et al., 1990; Paterson and Tobisch, 1990; Asrat et al., 2003; Moyen et al., 2003; Henry et al., 2004) .
In east-central China, numerous Mesozoic plutons are present in NE-NNE-trending belts. Most are considered to be related to subduction of the Pacific oceanic plate under the Eurasian plate (Li, 1999; Li et al., 1999) and to have been controlled during their ascent and emplacement by a NNE-trending tectonic regime. Unfortunately, the structural geology of these plutons is relatively unstudied. Thus, clearly distinguishing the relationship between the NNE tectonic regime and pluton emplacement within it is hampered because of a lack of direct structural evidence. Therefore, we have selectively studied plutons in the lower Yangtze River area, southeastern China, with the goal of determining their mechanisms of emplacement and their relationship to different tectonic regimes. Of particular interest to us were their magmatic and subsolidus structures (Paterson and Miller, 1998) .
There are many useful methods for studying emplacement and deformational fabrics, such as field structural observations, mesostructural fabric measurements, microstructural analyses, and strain analyses. Along with traditional structural analysis, the anisotropy of magnetic susceptibility (AMS) is commonly used to study pluton fabrics and deformational histories. Microgranitic enclaves also provide information about magmatic and solid-state strain.
The Mesozoic Fenghuangshan pluton of the South China block is part of the Tongling Mesozoic intermediate acidic intrusive rocks suite, and is related to polymetallic mineralization (Liu et al., 1996) . The Tongling plutons belong to a calc-alkaline belt whose primary alkali-basalt magma originated from a mantle source (BGMR, 1984; Mao et al., 1990; Chang et al., 1991; Tang et al., 1998) . Early studies of the Fenghuangshan pluton concentrated on the petrology of the granite and associated copper, iron, and gold deposits (Chang et al., 1991; Wu et al., 1996a Wu et al., , 1996b ; structural studies, especially of emplacement, were not emphasized. In this paper, we have analyzed the internal structures of the Fenghuangshan pluton using anisotropy of magnetic susceptibility, field structural observations, and measurements of microgranitoid enclaves in order to propose an emplacement model. In addition, we have examined the relationships between deformational fabrics and the pluton's regional tectonic setting.
Regional Geological Setting
The Fenghuangshan study area is located in the central part of the lower Yangtze depression within the northern margin of the Yangtze plate ( Fig. 1A ; BGMR, 1984) . It contains evidence of four main geologic stages: (1) formation of a Proterozoic metamorphic basement locally exposed in the western part of the area; (2) deposition of a Paleozoic to Middle Triassic stratigraphic sequence; (3) Middle Triassic to Early Jurassic collision between the Yangtze and North China plates; and (4) post-collision Middle Jurassic to Cretaceous intraplate deposition and deformation of continental clastics, volcanics, and intermediate-acidic intrusive rocks. Liu et al. (1996) studied the nearly N-S compressional stress field of the third stage and suggested that it resulted from plate collision. After collision, a left-lateral transpressional stress field, resulting from far-field effects of oblique subduction between the ancient Pacific and Eurasian plates, is thought by some to have played an important role in controlling the tectonomagmatic evolution of the Fenghuangshan area and the lower Yangtze depression (Li 1999a; Li et al., 1999b) . For example, on the western and eastern sides of the study area, several NE-trending regional folds are interpreted to be results of a left-lateral transpressional stress field. These folds, with Silurian and Devonian sandstone and siltstone in the cores of anticlines and Carboniferous to Triassic limestones on their limbs, appear to be sigmoidal in plan and box-shaped in cross-section (Wu et al., 2003) .
Furthermore, NE-NNE-striking steep faults are common in this area. A number of Mesozoic granodiorite and quartz monzonite plutons, including the Fenghuangshan body, were the principal metallogenic sources of the Tongling ore mineralization (Fig. 1B) . They intrude the late Paleozoic and early Mesozoic section.
Fenghuangshan Pluton
The Fenghuangshan pluton is an oval to E-Wtrending elongate body with an area of ~10 km 2 (Fig.  2) . It is zoned from a medium-grained quartz monzonitic diorite on its margins to granodiorite in the center, with local variations to plagiogranite, monzogranite, and quartz monzonite (Tang et al., 1998) . Near the margin of the pluton, the quartz monzonitic diorite commonly contains xenoliths (pieces of host rock) and dark microgranular enclaves (magma blobs) of mafic rock and diorite. The quartz monzonitic diorite is composed of zoned plagioclase with An from 29.4 to 48.4, quartz, K-feldspar, hornblende, and biotite (Tang et al., 1998) . Accessory minerals include magnetite, pyrite, zircon, titanite, and apatite. The medium-to coarse-grained granodiorite contains quartz, hornblende, K-feldspar, plagioclase, and biotite. The percentages of rock-forming and accessory minerals differ between these two type rocks.
Fenghuangshan Country Rock Structures
The Fenghuangshan pluton intrudes a Silurian to Middle Triassic stratigraphic sequence (Zhang and Li, 1999; Zhang et al., 2001; Wu et al., 2004) , with Permian to middle-Lower Triassic limestone constituting its main wallrock units (Fig. 2) . It is emplaced largely within Triassic carbonates in the core of the N45-60°E-trending Fenghuangshan synclinorium.
The main regional structures around the Fenghuangshan pluton record three deformational phases. The first phase, D 1 , gave rise to NE-SW regional folds with an associated axial planar schistosity (S 1 ). Regionally, these folds are composed of 11 en echelon synclines and anticlines ( superposition of the D 2 and D 1 fold generations produces a dome-and-basin interference pattern, with a dome spacing of roughly 2-3 km.
D 3 is associated with the NNE-trending transpressional strike-slip tectonic regime. It is characterized by NNE-striking transcurrent faults and folds with low plunges. These structures overprint D 2 structures. A D 3 stretching lineation is subparallel to the hinges of gentle folds, which reflects the regional NNE-trending shear sense. In the following analysis, we will discuss the relationship between structures of the Fenghuangshan pluton and the D 3 deformation.
Anisotropy of Magnetic Susceptibility (AMS) in the Pluton

Methods and results
An AMS fabric study of the Fenghuangshan pluton was carried out, because very few mineralpreferred orientations are visible in the field. Samples were collected from 37 stations evenly distributed throughout the pluton. At each site we obtained 3-6 cores. All samples were oriented by magnetic compass in the field. Measurements were made with a Minisep spinner susceptometer of Molspin Ltd., using a bridge at low magnetic field. The relationship between normalized tensor axes (Jelinek 1977, Table 1 ), was studied using the corrected anisotropy degree P' and the shape parameter T, defined as follows (Jelinek 1981) :
where μ 1 = lnk 1 , μ 2 = lnk 2 , μ 3 = lnk 3 , and μ m = ( μ 1 ⋅ μ 2 ⋅ μ 3 ) 1/3 . The tensor is represented by a triaxial ellipsoid, whose principal axes are the maximum, intermediate, and minimum susceptibilities (k 1 ≥ k 2 ≥ k 3 ), measured in dimensionless SI units per unit volume (Riller et al., 1996) . The bulk magnetic susceptibility magnitude, Km = 1/3(k 1 + k 2 + k 3 ), varies from 14.2 × 10 -6 to 5.8 × 10 -3 SI, with a unimodal frequency distribution (Fig. 3) . Most samples have susceptibility magnitudes larger than 10 -3 SI, whereas a few stations with a dominant paramagnetic contribution have K < 5 × 10 -4 SI. The Fenghuangshan pluton contains abundant magnetite that increases in content toward its borders. Magnetite might be suspected to be the principal carrier of susceptibility in the Fenghuangshan pluton (Archanjo et al., 1994) the confidence cone with the 95% probability for K 1 ; α 95mid = opening angle for the confidence cone with the 95% probability for K 2 ; α 95min = opening angle for the confidence cone with the 95% probability for K 3 ; Km = arithmetic mean of bulk susceptibility for the site(in 10 -6 ); P' = corrected anisotropy degree (Jelinek, 1981) ; T = shape parameter (Jelinek, 1978 (Jelinek, , 1981 Hrouda 1982) ; P = total anisotropy (Jelinek, 1978 (Jelinek, , 1981 Hrouda, 1982). biotite and hornblende are very common minerals within the pluton. Previous magnetic fabric studies of granitic rocks have shown that the presence of fine-grained magnetite may strongly influence the AMS (Yu et al., 1997) . However, in the present study, the AMS fabric orientations can be compared with mesoscopic-scale structural fabrics at a sufficient number of outcrops to provide good approximations of structural fabric axes. We conclude, therefore, that the AMS fabrics of the Fenghuangshan pluton are strongly controlled by the preferred orientations of the two Fe-rich minerals that define a mesoscopic-scale fabric-i.e., biotite and hornblende.
Generally, the contoured map of K m is consistent with the shape of the pluton (Table 1; Fig. 4A ). Values of P' in the Fenghuangshan pluton range from 1.02 to 1.26 (average 1.1) with one exception, site 11 (Table 1) . A contour map of P' (Fig. 4B) shows that high values of P' are mainly concentrated along the margin of the pluton. In western and eastern parts of the pluton, the isolines of highest P values appears slightly NE-NNE striking. T values range from -0.75 to 0.97, with a mean of 0.35; this positive mean value indicates a predominance of slightly oblate AMS fabrics, with 89% of the sites having T > 0. The contour map of T (Fig. 4C ) closely resembles that of P'. Oblate AMS ellipsoids ( Fig.  4D ; T > 0) occur throughout the pluton, but the high T zone is only located near margins of the pluton in zones exhibiting strong solid state deformation.
Directional data
Magnetic fabric is characterized by a magnetic lineation (k 1 ) and a magnetic foliation (k 1 /k 2 plane). Commonly the k 1 /k 2 plane of the AMS ellipsoid is parallel to foliation in the rock, and the elongation of the ellipsoid (k 1 ) is parallel to the fabric lineation The magnetic foliation commonly overprints internal compositional contacts, and therefore appears to postdate construction of the magma chamber. Foliation strikes are subparallel to the contacts (Fig. 5A ) and dips of foliation generally steepen toward them. Foliation dips are generally steep with a mean of 65°, but range from ~25 to 90°. In northern and southern parts of the pluton, foliation dips are characteristically northward, whereas in the pluton center, the foliation is outward dipping. AMS lineations are less well-developed in the Fenghuangshan pluton than the foliation (Fig. 5B) , and in comparison to the foliation, they are strongly heterogeneous. Plunges tend to be lower near pluton contacts.
Fabrics and Shapes of Microgranitoid Enclaves
Microgranitic enclaves are common in many plutons and are commonly used as markers to estimate strain in deformed granitoids (e.g., Tobisch et al., 1993 Tobisch et al., , 1998 . Many dark microgranitoid dioritic enclaves show strong microstructural evidence of having changed shape in a magmatic state (Vernon and Collins, 1988; Barbarin 1990 ). The main microstructural criterion for magmatic strain in enclaves is the alignment of elongate laths of plagioclase or other igneous minerals. These enclaves are commonly aligned parallel to magmatic fabrics (Vernon and Collins, 1988) . In order to estimate strain, researchers have used the average geometric value of the enclaves' shape, a method proposed and employed by Barriere (1977) , Holder (1979) , and Ramsay (1981) . In using this method, the original enclaves are hypothesized to have been spherical (XYZ = 1) and to have behaved as passive markers. However, because of the uncertainty of the initial shape of the enclaves and the timing of when enclaves obtained their shapes, using enclaves as markers for magmatic strains must be accepted with caution (Paterson et al., 2004) . Accordingly, we have provisionally used the assumed shapes of enclaves in the Fengzhuanshan pluton to recognize the changing tendency of high-temperature, solid-state strain throughout it.
Enclaves in the Fenghuangshan pluton typically appear as swarms and are mostly distributed near the margins of the pluton. Almost all are characterized by similar compositions and textures, suggesting that they experienced the same magmatic and strain evolution (Wu et al., 1996a) . In order to recognize spatial alignment of the enclaves in the Fenghuangshan pluton, we assumed (as discussed above) that all enclaves were initially spherical (XYZ = 1). So, their present shapes may approximate a finite strain ellipsoid. If we know the atti- tudes and ratios of any two sections (XY, YZ, XZ) of the enclave, we can determine magmatic foliation, which is perpendicular to XZ sections and parallel to XY sections; magmatic lineation is generally defined by the long axes of enclaves, which are perpendicular to YZ sections.
At many Fengzhuangshan localities, only 2D information of enclaves can be obtained, which has the potential to provide misleading information about magmatic strains in the pluton. Fortunately, two factors help us to obtain quantified data of enclave geometry. At some measuring sites, well-developed joints in the Fenghuangshan pluton supply excellent planes approximating XY, YZ, and XZ. At still other sites, intense weathering of the pluton causes the matrix around enclaves to become friable, and thus the 3D geometry of many enclaves can be measured directly.
The attitudes of fabrics and axial ratios of 10-40 enclaves were measured at each of 22 sites in the Fenghuangshan pluton for statistical analysis (Fig.  6) . Measurements of enclave long axes and their XY, YZ, or XZ sections provide a proxy for determining the orientation of the enclosing magmatic foliation. As the result of this study, composite foliations obtained from the 22 pluton sites are shown on Figure 6A . Enclave-deduced foliations are roughly parallel to the pluton boundaries and have moderate to steep dips, from ~44° to 87°, with a mean dip of 70°. In the northern part of the pluton, axes at eight sites generally trend E or ESE, whereas at five sites in the eastern part of the pluton they trend ENE (Fig. 6B) .
The X/Z ratios from the 22 sites range from 1.65 to 2.90, with a mean value of 2.12, which indicates that the pluton has not experienced a large amount of solid-state strain. Lower ratios are concentrated in the center and southeastern part of the pluton. A diagram of isoline ratios (Fig. 7) shows that toward the margin of the pluton, the isolines become subparallel with the contact of the intrusion, suggesting a zonal distribution of the internal solid-state deformation.
Discussion
Granitic magmatism results from thermal input into the crust and is a first-order geological phenomenon that implies heat and mass transport, and contributes to crustal differentiation. Ascent from the melting site and emplacement at a higher crustal level are different processes. Field observations and AMS results provide data to constrain the shallow structures of granite plutons and to decipher the relationships between magma ascent, pluton emplacement, and regional tectonics.
Relationships between internal structures and regional structures
Because most of the Mesozoic plutons in the region were intruded across D 1 regional NNE-trending folds, these plutons clearly postdate FIG. 6 . Enclave-deduced foliations (A) and major long-axis directions (B) in the Fenghuangshan pluton. A illustrates enclave flattened planes (XY section), which are roughly parallel to the boundaries of the pluton. D 1 deformation. Contrary to previous work, which proposed emplacement of the Fenghuangshan pluton during D 3 deformation, our studies of the pluton indicate that AMS and magmatic fabrics within it are parallel to the contact and lack any NNE-trending preferred orientation appropriate for D 3 time. Our enclave fabric measurements appear to record both magmatic fabrics and high-temperature solid-state deformation during pluton emplacement, not the consequence of post-emplacement D 3 deformation. AMS-and enclave-defined lineations do have a preferred ENE trend that could reflect syn-D 2 N-S compression in the wallrocks.
Minor widespread subsolidus deformation in the pluton postdates pluton emplacement and crystallization. Low-temperature ductile deformation, producing mylonitic and S/C fabrics, overprints some margins of the pluton (Zhang et al., 2001 ). This may indicate that the sinistral D 3 NNE-striking faults that offset the pluton's contacts were active during its cooling (Fig. 2) .
A zircon U-Pb SHRIMP age of the Fenghuangshan pluton is 144.2 ± 2.3 Ma (Zhang et al., 2006) . U-Pb zircon SHRIMP ages from other Mesozoic plutons in the vicinity range from 142.8 to 151.8 Ma (Zhang et al., 2006) . Heretofore in east-central China, the ages of D1, D2, and D3 were poorly defined. On the basis of our interpretation that the Fenghuangshan and related plutons were likely emplaced during weak D 2 deformation, the Tethyan D 1 regional event preceded ~152 Ma, and the western Pacific D3 deformation postdates ~143 Ma.
Relationships between magnetic fabric and pluton's shape
The magmatic fabrics, defined by the preferred orientation of (010) planes of biotite and hornblende, were examined at 12 pluton sites as follows: Dayuanling (southeastern margin, 1 site); Mulianchong (northern margin, 1 site); Xianrenchong (eastern margin, 1 site); Jiangjiachong (southern margin, 3 sites); Yaoyuanshan (western margin, 3 sites); and Xinwuli (east-central area of pluton, 3 sites). Except for the latter three sites, the magmatic foliation strikes parallel or subparallel to the contacts of the pluton (Fig. 8) . Foliation in the western half of the pluton characteristically dips outward at ~58°-67°, whereas foliation at sites in the eastern half of the pluton dips steeply inward. On comparing the magmatic and magnetic fabrics, we conclude that our measurements of magnetic fabrics are reliable. Given that both fabrics are asymmetric, it is reasonable to conclude that the pluton's original shape was asymmetric as well.
The pattern of Fenghuangshan magnetic fabrics, especially the foliation, generally conforms to the shape of the pluton. From the center of the pluton to its margins, the dips of magnetic foliation gradually steepen. On the eastern side of the pluton, magnetically defined foliation dips inward. In contrast, on its western side, foliation dips outward. We interpret that the western, west-dipping contact of the pluton reverses its dip direction at depth, thus requiring the pluton to widen upward on both western and eastern margins below its roof, which has now been eroded (Fig. 9) .
The geometry of AMS lineations and enclaves in the Fenghuangshan pluton show that the preferred direction of magma flow in the shallow crust was to the ENE. In contrast, in the western area of the pluton-the domain of variable lineation direction-lineation orientation is best explained as defining a domain of upward magma flow (Fig. 9) . The T and P' AMS results suggest that the intensity of deformation becomes much stronger and more oblate toward the pluton margin, especially in its western and eastern sides. The highest values of T, P', and the X/Z ratios of enclaves are generally located in the western, eastern, and northern contact zone areas, thus corroborating the same deformation pattern of the pluton as determined by the measurement of enclave shape. The fact that strain within the pluton increases toward both eastern and western boundaries indicates that in the shallow crust, the pluton experienced components of forceful lateral flow, especially in an ENE direction.
Mechanism of pluton emplacement
Based on our comparison of magnetic and field fabrics, we distinguish a two-stage evolution of the Fenghuangshan pluton-magma ascent, and its final emplacement. The Fenghuangshan pluton is generally elliptical, with an east-west trend, and its contacts with country rocks are typically very steep. As discussed above, most of the pluton's roof has been eroded away. The results of this study and those of Liu et al. (1996) lead us to the conclusion that pluton geometry is that of an asymmetric mushroom (Fig. 9) . It is not related to any fault, and was therefore not fault-controlled in emplacement.
Therefore, we propose a model of a ballooning pluton to interpret the evolution of the Fenghuangshan pluton, involving diapiric ascent and higher levels of asymmetric ballooning. During the early stages, when the submagmatic and subsolidus deformations occurred, the ascending pluton was at high temperatures. Its kinematic features are recorded by the magnetic fabrics and enclave geometries. Enclave foliations (XY section) dip steeply along the margin of the pluton. Both magnetic and magmatic mineral lineations define a domain within the western part of the pluton formed during magma ascent.
In its final emplacement stage, the pluton was at a moderate temperature, and behaved as a visco- elastic diapir. According to its petrological features, the pluton has clear compositional zoning with a mafic margin (quartz monzonic diorite) and a progressively felsic core (granodiorite), indicating that the intruding process was one of continuous injection. Magnetic and magmatic fabric results suggest that the rising magma was preferentially directed ENE-ward from its intrusive center, thus producing the asymmetric shape of the pluton. This pattern of emplacement also caused stronger and oblate strain deformation on both eastern and western margins (Fig. 9) . The Fenghuangshan pluton is clearly the result of initial diapiric ascent and final asymmetric ballooning at shallow crustal levels.
Conclusions
East-central China is a region where a Mesozoic transformation occurred between a Tethyan tectonic regime and a western Pacific tectonic regime. The former is characterized by E-W-trending structures (D 1 ), whereas the latter is characterized by NNE-trending structures (D 3 ), including sinistral strike-slip faults. Previous work considered that the emplacement of numerous Mesozoic plutons in the region was controlled by, and was synchronous with, strike-slip faulting. However, there is no direct structural evidence to support this view. We performed an AMS study in order to define mineral fabrics in the Fenghuangshan pluton, because AMS fabrics can record increments of magmatic FIG. 9 . Diagram showing emplacement model and original shape of the Fenghuangshan pluton. A. The 3D diagram shows the geometry of internal foliation, which implies that higher levels of the western contact dipped westward but reversed eastward at depth, whereas the eastern contact dipped inward beneath the pluton. The figure also illustrates the strong concordancy of country rock foliation to the pluton's contacts. B. The E-W-striking profile diagram crosssection of the pluton depicts the original pluton shape, which is in the configuration of an ENE-directed extruding body. deformation during pluton crystallization. If pluton crystallization and emplacement experienced a regional tectonic event, AMS fabrics in the pluton may be used to characterize the regional strain field.
Contrary to previous works, which interpreted emplacement of the Fenghuangshan pluton during D 3 sinistral strike-slip faulting, our data show that granite emplacement occurred during weak D 2 N-S contraction. In east-central China, the ages of D 1 , D 2 , and D 3 have heretofore been poorly defined. Crystallization ages of the Fenghuangshan and other Mesozoic plutons in the region range from ~142.8 Ma to ~151.8 Ma. Our interpretation that the plutons were emplaced during D 2 deformation helps to constrain that the Tethyan D 1 regional event preceded ca. 152 Ma, and the western Pacific D 3 deformation postdates ca. 143 Ma. The magmatic, enclave, and AMS-defined foliations all show an asymmetric pattern for the pluton. Although the roof of the pluton has been removed by erosion, these features define the original shape of the pluton as an asymmetric mushroom. On the basis of the above studies, we propose a pluton model incorporating diapiric ascent of the pluton and higher levels of asymmetric northeastward ballooning.
